We have used widefield photon-counting FLIM to study FRET in fixed and living cells using control FRET pairs. We have studied fixed mammalian cells expressing either cyan fluorescent protein (CFP) or a fusion of CFP and yellow fluorescent protein (YFP), and living fungal cells expressing either Cerulean or a Cerulean-Venus fusion protein. We have found the fluorescence behaviour to be essentially identical in the mammalian and fungal cells. Importantly, the high-precision FLIM data is able to reproducibly resolve multiple fluorescence decays, thereby revealing new information about the fraction of the protein population that undergoes FRET and reducing error in the measurement of donoracceptor distances. Our results for this simple control system indicate that the in vivo FLIM-FRET studies of more complex protein-protein interactions would benefit greatly from such quantitative measurements.
Introduction
The goal of proteomics is a full molecular-level understanding of the cellular functioning of protein molecules [1] . This requires the study of the spatio-temporal distribution and behaviour of proteins in vivo. In particular, knowledge of the nanoscale interaction of proteins with other cellular components (including other proteins) is essential. Fluorescence microscopy has proven to be an invaluable method for imaging in cell biology, primarily due to its high sensitivity and the wide range of probes available for the selective labelling of cellular structures [2] . While conventional fluorescence microscopy is ultimately limited in the spatial resolution achievable (diffraction limited to ∼200 nm), spatial resolution can be improved by using point scanning methods such as confocal microscopy [3] , and other sophisticated microscopy developments such as multiphoton, stimulated emission depletion, 4-Pi, image interference and near-field scanning microscopy [4] .
An alternative approach is to take advantage of the phenomenon of Förster resonance energy transfer (FRET) [5] . This involves monitoring the transfer of energy from an excited fluorescent molecule (donor) to another molecule (acceptor). The efficiency of energy transfer is proportional to the inverse sixth power of the distance between donor and acceptor, making it extremely sensitive to interactions in the 1-10 nm range [5] .
Whilst the choice of potential fluorophores is considerable, the most important for in vivo fluorescence studies in recent years has been the green fluorescent protein (GFP), which is an inherently fluorescent recombinant probe [6] . A wide range of GFP mutants have been engineered to extend and optimize their physicochemical properties. In particular, a number of colour variants have been constructed for use as complementary donor-acceptor pairs for FRET studies [7] . Although these probes have made an enormous impact on cell biology, extracting quantitative information is non-trivial. Quantification is particularly difficult with steady-state fluorescence imaging because variations in intensity can be due to local environmental effects (such as energy transfer), changes in the probe concentration or a range of optical artefacts.
Fluorescence lifetime imaging (FLIM), which spatially maps the donor lifetime [8] , can overcome the problems of intensitybased methods because the lifetime is independent of the number of fluorescing molecules, so changes in lifetime reflect changes in the environment of the probe (e.g. proximity of an acceptor chromophore, ion concentration or temperature). FLIM has been successfully used to probe energy transfer in cells [9] [10] [11] . However, the multiple decay pathways available to an excited molecule due to variations in local environment or chemical structure (e.g. due to tautomerisation, protonation or ion binding) mean that the fluorescence decay is often complex. Such dynamic complexity must be taken into consideration when extracting quantitative information from FRET measurements, and this is an emerging area of research [12] [13] [14] [15] [16] .
In this paper, we report the use of the widefield time-domain FLIM technique of time-and space-correlated single photon counting (TSCSPC) [17] to investigate the effect of the photophysical complexity of popular GFP-derived FRET probes, expressed in fixed mammalian and living fungal cells, on the amount of information that may be extracted. The cells express either a cyan variant of GFP or a fusion protein of the cyan variant with a short amino acid linker to a yellow variant of GFP. This constrains the two fluorophores to be in close proximity and allows FRET to occur. For the mammalian cells, the cyan variant is ECFP (called CFP henceforth) and the yellow variant is EYFP (called YFP henceforth). YFP is attached to CFP by a two amino acid linker. The fungal cells express either mCerulean (called Cerulean henceforth), which is a relatively new cyan variant [18] or Cerulean linked by an eight amino acid linker to Venus, an improved variant of YFP [19] .
We show that the high-precision photon-counting data reveal complex fluorescence decays in fixed and living cells. We show that an accurate measurement of FRET in cells requires the quantitative analysis of complex decays in terms of multiple fluorescence lifetimes. The use of average lifetimes can result in a significant underestimation of FRET efficiency and donoracceptor separation. In this work, we determine for the first time the donor and acceptor ratio of FRET interactions in cells using FLIM.
Experimental section
Plasmids used for mammalian expression: eCFP-C1 was from BD-Clontech. pcDNA3-CFP-YFP was a gift from G. Milligan (IBLS, Glasgow University). YFP was inserted as a Kpn1/Not1 fragment in pcDNA3 (Invitrogen). CFP was added between HindIII and Kpn1. The expressed protein has a two amino acid linker (Gly-Thr) between the last amino acid of CFP and the first amino acid of YFP. All plasmid constructs were verified by DNA sequencing (AGOWA, GmBH).
Mammalian cell culture and transfection: Cos-1 cells (ATCC CRL-1650) derived from African green monkey kidney fibroblasts were maintained in DMEM/10% fetal calf serum (Invitrogen). 10 5 cells were seeded in 6-well dishes and transfected with 0.5 μg plasmid DNA using Effectene (Invitrogen). After 18 h, cells were washed in PBS, trypsinised and replated on sterile glass coverslips, then protein expression was allowed for a further 20-24 h in fresh medium before fixation in 3.7% paraformaldehyde and cold methanol [20] . Coverslips were mounted on glass slides using Vectashield (VectorLabs H-1000) and stored in the dark. Data were recorded within 2-3 days.
Construction of plasmids p9mCer and p9CeVe-N used for fungal expression: DNA containing the gene for the mCerulean protein was kindly provided by D. W. Piston (Vanderbilt University, U.S.A.) and for the Venus protein by A Miyawaki (RIKEN Brain Science Institute, Japan). To construct p9mCer, mCerulean was amplified by PCR using the following oligonucleotides: mCerulean 213 5′-ccatggtgagcaagggcga-3′ (NcoI) and 183 5′-gaattcttacttgtacagctcgtccatgcc-3′ (EcoRI). The resulting PCR fragment, digested with NcoI and EcoRI, was introduced into the fungal expression vector pMOJ009 under control of the A. nidulans gpdA promoter and trpC terminator over the NcoI/EcoRI sites.
To construct p9CeVe-N, mCerulean and Venus were amplified by PCR using the following oligonucleotides: mCerulean 213 5′-ccatggtgagcaagggcga-3′ (NcoI) and 185 5′-gaattcgcatgcgggcggcggtcacgaactcc-3′ (EcoRI, SphI); Venus 184 5′-ggatcccgcatgcatgggggcaccggtgggtccgagctcatggtgagcaagggcgagg-3′ (BamHI, SphI, SstI) and 183 5′-gaattcttacttgtacagctcgtccatgcc-3′ (EcoRI), leading to the introduction of the stated oligonucleotides at the 5′ ends. The resulting PCR fragments, digested with NcoI and SphI (mCerulean fragment) or SphI and EcoRI (Venus fragment) were introduced into pMOJ009 over the NcoI/SpHI/EcoRI sites. In the expressed CeVe-N protein, mCerulean and Venus are separated by an eight amino acid linker with sequence MHGGSGGTE.
Fungal cell culture and transformation: 100 ml of liquid CM medium, supplemented with final concentrations of leucin (0.2 g/l), nicotinamide (1 mg/l) and uridine (5 mM) were inoculated with 10 6 spores of the Aspergillus niger strain 455 and incubated for 16 h at 30°C in a shaking incubator. Protoplasts were prepared after harvesting the mycelium by treatment with 10 μg/ml Caylase C4 (Cayla, Toulouse, France) and transformed as described by Kusters-van Someren et al. [21] . Prior to imaging, coverslips were inoculated with 100 μl of the A. niger spore suspension and incubated for 16 h at 30°C.
Fluorescence imaging: The excitation source was a TiSapphire femtosecond laser system from Coherent (10W Verdi and Mira Ti-Sapphire laser) producing pulses of ∼ 200 fs at 76 MHz. The output of the Mira was passed through a pulse picker (reducing the repetition rate to 4.75 MHz) and then frequency doubled to give an output at 420 nm (live cells) or 430 nm (fixed cells). The excitation beam was split, and one portion was used to trigger a fast photodiode. The photodiode output was passed through a constant fraction discriminator (CF4000, Ortec), and used as the trigger signal.
The Ti-Sapphire laser beam was expanded, collimated and directed into a Nikon TE300 inverted microscope operating in an epifluorescence configuration. This excitation light was reflected from a dichroic mirror (DM455, Nikon) mounted in a standard filter cube and focussed onto the sample using either 100 × (PF, NA = 1.3, oil immersion, Nikon), 60 × (PA, NA = 1.2, water immersion, Nikon) or 40 × (PF, NA = 1.3, oil immersion, Nikon) objectives. The laser power incident on the entry port of the microscope was typically around 2 μW. The resultant fluorescence was collected through the same objective, passed through a barrier filter (465-495 nm for cyan donor; 510-560 nm for yellow acceptor) and imaged onto the FLIM detector (see below). For initial location of the cells, the laser was replaced with a Hg lamp (Nikon, LH-M100CB-1) using a 410-420 nm excitation filter and DM455 dichroic (Nikon) for cyan fluorescence and a 460-500 nm excitation filter, DM505 dichroic (Nikon) and 505-560 nm emission filter for yellow fluorescence. Transmission images were recorded using the TE300 condenser and a Nikon camera (DXM1200 using ACT-1 software control).
Fluorescence emission from the sample was imaged using the technique of time and space-correlated single photon counting (TSCSPC) using a quadrant anode detector from Europhoton GmbH (Berlin). The data acquisition was in reverse mode, with each detected photon assigned to one of 4096 channels, each of width 27 ps. Typically the count rate over the entire detector was 30 kHz, giving an acquisition time of 15 min. Areas of the image were selected and the lifetime decay data extracted and analyzed. Data analysis was performed with F900 software (Edinburgh Instruments, Livingston, UK), via a tail-fitting procedure from the peak of the decay. The instrument response of the system, measured using a mirror, was ∼ 400 ps FWHM, and no improvement in fits was found by reconvoluting with the instrument response. Families of decays (e.g. from different regions of interest of cells of the same type) were analysed globally using Alango's FAST software (Edinburgh Instruments), i.e. they were fitted simultaneously, with lifetimes, τ i , as common parameters. The counts in the peak channel were typically around 10
4 . The quality of fit was judged on the basis of the reduced chi-squared statistic, χ 2 , and the randomness of residuals. The lifetime maps were generated using QA Analysis software (Europhoton GmbH), fitting from the peak of the fluorescence decay. The background was estimated by taking the mean counts per pixel (cpp) of areas of background and subtracting this level from the entire image. A lifetime map was then produced by assigning a colour on a 16-bit pseudocolour scale to a fitted single exponential decay time, and these were displayed over a range of 0-3.2 ns.
Distance estimation from crystal structures: The donoracceptor distances in fusions of cyan and yellow proteins were estimated using structures from the RCSB protein data bank (www.rcsb.org/pdb). The cyan protein was ECFP (code 1CV7. pdb) and the yellow protein was EYFP (1YFP.pdb). The structures were studied using DeepView/Swiss-Pdb Viewer v 3.7 (www.expasy.org/spdbv).
Results
Cos-1 mammalian cells expressing CFP alone or a CFP-YFP fusion protein, and living fungal cells (germinated spores) of A. niger expressing Cerulean or a Cerulean-Venus fusion were studied using TSCSPC. The TSCSPC data were used to generate a lifetime map, by fitting data from each point in the field of view to a single exponential decay; typical lifetime maps are shown in Fig. 1 . Cells that express the same fluorescent protein have similar lifetimes with little intracellular variation. Uniform lifetime distribution is expected since the CFP fluorophore is not fused to any mammalian protein or directed to any specific cellular location. There is a consistent drop in the average lifetime of CFP between the CFP cells ( Fig. 1a) and the CFP-YFP cells (Fig. 1b) ; there is a similar drop in the average lifetime of Cerulean between the Cerulean (Fig. 1c ) and the Cerulean-Venus cells (Fig. 1d ). This decrease in lifetime is attributed to FRET between the two fluorescent proteins that are closely tethered by a short amino acid linker in the donor-acceptor constructs.
The lifetime map represents an approximate lifetime and only displays the true fluorescence decay when it is monoexponential. However, TSCSPC can also be used to detect and quantify complex decay behaviour in cells, which can potentially provide much more information about the FRET process. Fig. 2 shows typical TSCSPC data for mammalian cells expressing CFP (Fig. 2a) or CFP-YFP (Fig. 2b) , and fungal cells expressing either Cerulean (Fig. 2c) or Cerulean-Venus (Fig. 2d) , together with decays from various regions of interest (ROIs), as indicated on the fluorescence intensity image. The decays, which have been normalized to allow easy comparison, clearly show that there is little variation between different parts of the same mammalian cell and that Cerulean or Cerulean-Venus expressed in living fungal cells display qualitatively similar dynamics to the CFP and CFP-YFP in fixed mammalian cells.
To quantify the decay processes in these cells, the data were fitted to a multiexponential decay function (Eq. (1)):
where τ i is the fluorescence lifetime, A i , the "A-factor", is the fractional amplitude of the ith decay component, and B is the background. The A-factor indicates the fraction of the emitting molecules that has a particular lifetime, τ i . As will be demonstrated later, the A-factors of the donor decay enable the fraction of donors undergoing FRET to be determined. The resolution and accuracy of the analysis is improved by simultaneously fitting all of the ROIs of a particular cell type [22] . The results of this global analysis for the mammalian and fungal cells are shown in The global analysis of CFP shows that the decay is well fitted by a biexponential function with lifetimes of 1.36 ns and 3.04 ns, and A-factors of 38 ± 6% and 62 ± 6%, respectively. For cells expressing CFP-YFP, three lifetimes are required to give excellent fits with lifetimes of 0.65 ns, 1.65 ns and 3.11 ns, and mean A-factors of 20 ± 9%, 50 ± 7% and 30 ± 10%, respectively. The lifetimes of the two long components in CFP-YFP are essentially the same as those seen in the CFP cells; the fractional contribution of one remains essentially unchanged, while the contribution of the longer one (∼3 ns) is halved. The additional lifetime component is the shortest of the three. A comparison between the 2-and 3-exponential fits from a typical CFP-YFP cell is shown in Fig. 3 . The residuals for the 2-exponential fit have an obvious systematic deviation, which disappears in the 3-exponential fit, and there is a concomitant decrease in the χ 2 value.
Previous time-resolved studies have also found that the fluorescence lifetime of CFP in cells is biexponential. Tramier et al. [23] found that the lifetimes of CFP in live cells were 1.30 ns and 3.84 ns, with A-factors of 53% and 47%, Duncan et al. [24] measured biexponential decays of 0.42 ns (38%) and 2.19 ns (62%), while Becker et al. [25] measured the two components of CFP in cells to be 1.2-1.3 ns (∼ 40%) and 2.8-2.9 ns (∼ 60%). For CFP in solution, Rizzo et al. measured the decay to be biexponential with 1.2 ns and 3.6 ns lifetimes and A-factors of 14% and 86% [18] , while Borst et al. [26] fitted two lifetimes of 1.14 ns (33.5%) and 3.72 ns (66.5%). Habuchi et al. [27] found evidence for a third short lifetime component (0.24 ns) for CFP in sodium phosphate-buffered saline solutions, though this made a small contribution to the overall decay (1%), with the biggest contribution for lifetimes of 1.1 ns (∼ 10%) and 3.3 ns (89%). The origin of these two lifetime components has been attributed to the presence of two different conformations of the chromophore in CFP due to interactions with nearby amino acids [28] . There is evidence from NMR spectroscopy that these two conformations interconvert on a millisecond timescale [29] , which is a much slower timescale than the fluorescence decay. Each conformer will, therefore, exist as a distinct emitting species.
In other photon-counting FLIM studies of FRET between CFP and YFP in cells, the extent of FRET has been described by biexponential kinetics, with two lifetimes that are different to the donor-only decays [23] [24] [25] . More complex kinetics were not observed. Biexponential decays were also observed for fusions of Cerulean with the yellow acceptor mCit [18] . TSCSPC allows much higher photon counts to be acquired than conventional photon-counting FLIM (confocal or multiphoton), which we believe has allowed us to discern the greater complexity of the dynamics. Becker et al. suggested the possibility of a third lifetime when CFP and YFP take part in FRET, though they were unable to discriminate between the two and threecomponent fits in the cells they studied [25] .
The results of global analysis for the fungal cells are remarkably similar to those found for the mammalian cells expressing CFP and CFP-YFP, despite the fact that Cerulean and Venus are different fluorescent protein variants and are expressed in completely different cells. The global analysis of Cerulean returns a biexponential decay with lifetimes of 1.97 ns and 3.65 ns, with A-factors of 51 ± 3% and 49 ± 3%, respectively, while the data for the Cerulean-Venus fusion protein fits three lifetimes of 0.72 ns, 1.99 ns and 4.26 ns, with A-factors of 40 ± 6%, 51 ± 3% and 9 ± 3%, respectively. Not only do the absolute lifetimes match those of the mammalian cells, but the populations of each species are of similar magnitudes. There is a twofold larger population with a subnanosecond lifetime in Cerulean-Venus than in the CFP-YFP fusion protein, and a concomitantly smaller population with a ∼ 4 ns lifetime. Notably, the population of the ∼ 2 ns component is exactly the same (51%) in cells expressing the Cerulean alone or the fusion, mirroring the trend observed for the mammalian cells.
Whilst the biexponential decay of CFP is now established, Rizzo et al. reported that Cerulean displayed simpler fluorescence decays that were best described by monoexponential kinetics [18] . However, these authors reported that fitting the Cerulean decays to a two-exponential decay model with lifetimes of 2.3 ns (38%) and 4.5 ns (62%) improved the χ 2 from 2.3 to 1.4. Our data show definitively that Cerulean, like CFP, shows a biexponential decay. An independent check was made by diluting fungal cell extracts in buffer and measuring the fluorescence lifetimes in a fluorescence spectrometer, which had high temporal resolution (5-10 ps). Extracts of cells that expressed Cerulean displayed biexponential kinetics with lifetimes of 1.41 ns and 3.33 ns, each with populations of 55% and 45% respectively at an emission wavelength of 470 nm. Fluorescence decays of cell extracts of the fusion protein required 3 lifetime components, with lifetimes of 0.35 ns (51%), 1.50 ns (43%) and 3.42 ns (26%). These are very similar to the results found in intact living cells. The decays are all faster in the cell extract, but this minor difference can be attributed to the effect of the buffer medium. For example, intracellular refractive index variations will alter the lifetime of the fluorescent proteins, [26, 30] . A recent report also comments on the necessity to fit 3 decay components to CFP-YFP bulk TCSPC data in cells, although the decay parameters were not reported [12] . In the absence of crystallographic evidence, we presume that the chromophore in Cerulean can adopt two conformations, similar to the CFP. Therefore, in terms of decay complexity, Cerulean is not an improvement over CFP. However, the markedly higher quantum yield and extinction coefficient, and increased resistance to photobleaching of Cerulean do make it an improved chromophore for FRET [18] .
One of the benefits of using FLIM to probe FRET, is that it is not necessary to measure fluorescence from the acceptor, only from the donor. This is particularly advantageous for fluorescent proteins, where the available FRET pairs have significant spectral overlap. However, if the acceptor emission can be spectrally resolved it should be possible to measure its rise time which will be identical to the lifetime of those donor molecules that transfer energy to the acceptor. We measured the acceptor fluorescence using TSCSPC to verify the occurrence of FRET. YFP fluorescence of mammalian cells expressing CFP-YFP was detected in the 510-560 nm range, eliminating most of the CFP fluorescence. The images in Fig. 4 show a cell expressing the CFP-YFP fusion through the CFP emission filter set (a) and the YFP emission set (b) together with the lifetime decays from both images. The YFP emission displays a single exponential decay of 2.69 ns with a rise time of 0.53 ns. The YFP emission of the Cerulean-Venus fungal cell extracts was also measured and displayed a single exponential decay of 3.06 ns and a rise of 0.51 ns. The observation of a rise shows that there has been energy transfer from CFP, although the overlap of the YFP fluorescence with residual CFP emission, and the difficulty in accurately measuring rise times, preclude a more detailed analysis.
Discussion
We now address the key issue as to whether the new information gained by resolving more complex decays using TSCSPC significantly changes the interpretation of the data and the FRET parameters extracted, compared with the typical approach of measuring average lifetimes. To investigate this, we relate the lifetime of the donor in the donor-only construct (τ D ) and the donor lifetime in the donor-acceptor fusion (τ DA ) to the energy transfer efficiency, E, (Eq. (2)). The donor-acceptor distance, r, can be calculated using the measured efficiency and the Förster distance, R 0 , at which energy transfer efficiency is 50% (Eq. (3)). Since the donor and acceptor proteins are linked by a flexible polypeptide linker, we have assumed that the orientation factor, κ 2 , is 2/3 [6] . The homogeneity of lifetimes within and between cells suggests that the relative orientation of the donor and acceptor is dynamically averaged. Even if the assumption of κ 2 = 2 / 3 is invalid, the relative values of the distances calculated below should be correct. We are currently adapting our FLIM experiment to simultaneously measure the time-resolved anisotropy, which will address the issue of orientation factor and its effect on absolute distance measurements.
We have measured three donor decay times for the fusions, two of which (τ 1 and τ 2 ) are very similar to those of the donor ( Table 1) . We label the long-lifetime and short-lifetime conformations of the cyan donor protein as D 1 and D 2 , respectively, and assign the lifetimes as τ D1 and τ D2 , respectively. The value of A 2 (the contribution of D 2 to the emission) is essentially unchanged in the fusion, compared with the free donor, whereas the value of A 1 is decreased. The decrease in A 1 is exactly balanced by the new contribution (A 3 ) from the third decay component.
It has been demonstrated that the protonated chromophore of YFP cannot act as a FRET acceptor [31] . Therefore, in constructing a model to interpret our decay data, we assume that the yellow protein in our fusions can exist in two different forms; one can participate in energy transfer by acting as an acceptor (AC 1 ), whilst the other cannot (AC 2 ). When the cyan donor undergoes energy transfer to the yellow acceptor (AC 1 ), the new cyan protein lifetime is labelled τ DA1 when D 1 is the donor and τ DA2 when D 2 is the donor. When the cyan donors are fused to the protonated form of the yellow protein, AC 2 , the donor lifetimes are unchanged.
We believe that there are two ways to interpret our data for FRET analysis, as illustrated by the models in Fig. 5 and the decay times in Table 2 . The first model is labelled "3τ". This is the simplest interpretation of the data and assumes that only one of the two donor conformations (D 1 ) participates in energy transfer. Thus, both the lifetime and A-factor of D 2 are unchanged in the fusion because none of the D 2 population undergoes FRET. The persistence of τ D1 in the fusion, with a reduced A-factor, shows that only a fraction of the population of D 1 undergoes FRET to give the new short decay time τ DA1 . The A-factor of τ DA1 (A 3 in Table 1 ) thus corresponds to the decrease in the A-factor of τ D1 . This model requires an absence of FRET for one conformation. Whilst this is possible, the flexibility of the polypeptide linking the donor and acceptor proteins and the apparent similarity in position of the two conformations within the protein barrel [28] lead us to propose a second interpretation of the data.
The second model is labelled "4τ" in Table 2 . Borst et al. briefly discussed that each of the two CFP decay components might have an associated FRET decay component [26] . In this case, we assume that both conformations participate in FRET, but that one of the unquenched donor lifetimes, τ D2 , is so similar to one of the donor-acceptor lifetimes, τ DA1 , that they cannot be resolved and appear as a single lifetime, τ 2 , in the fitted decay function. In other words, there are actually four decay components, but only three can be resolved. Thus, the Afactor (A 2 ) of τ 2 (Table 1) remains unchanged in the fusion because the increase in A-factor of τ DA1 , as result of FRET from D 1 to AC 1 , is exactly balanced by the decrease in A-factor of τ D2 , as a result of FRET from D 2 to AC 1 .
In both models, the fraction of unquenched donor fluorescence in the fusion, due to donor bound to AC 2 , is the same and is given by the value of A 1 , the A-factor of τ D1 , in the fusion. In the majority of the cells expressing the CFP-YFP fusion, there is ∼ 30% of unquenched donor, while cells containing the Cerulean-Venus constructs have ∼ 9% unquenched donor. The mammalian cells were maintained and fixed in solutions buffered to pH 7.4. From the reported pK a of EYFP of around 6.9 [19] , there should be a 24% proportion of protonated at pH = 7.4, which is in good agreement. The pK a of the Venus chromophore is reported to be 6.0 [19] . At pH of 7.6, which is a reasonable estimate for the pH in fungal cells [32] , there would be 2.5% of protonated acceptor.
Taking the uncertainty in the actual intracellular pH values into account, all of the unquenched donor fluorescence can be explained by an equilibrium between protonated and unprotonated acceptor. We have assumed that all of the fluorescent proteins in the cells are identical. In principle, it is possible that some of the unquenched donor is also due to a small fraction of the protein population in which the acceptor is not expressed or is incorrectly folded. However, since we do not see smaller protein products on a Western blot, and since misfolded proteins are normally degraded in the cell, we do not believe that such proteins are likely to be a significant component of our cells.
The energy-transfer parameters for each model are calculated using Eqs. (2) and (3) and are presented in Table 2 . For the 4τ model, we must make separate calculations for each of the two distinct FRET pairs, hence there are two sets of each parameter, which are given the subscript 1 or 2, according to whether they are associated with donor D 1 or D 2 , respectively. We contrast the results for the two models with that of the conventional approach of using average lifetimes of the donor-only construct and fusion construct for τ D and τ DA respectively. This is labelled "average" in Table 2 . The value of R 0 that is conventionally used in Eq. (3) is derived from steady-state spectroscopic measurements and is an average of the R 0 value for each distinct donor and acceptor pair that exists in a sample. In our case, the yellow protein exists in two forms, but only one participates in FRET. The single decay time of YFP fluorescence, shown in Fig. 4 , confirms this. However, the donor exists in two forms, so R 0 is an average value for two donoracceptor pairs (D 1 -AC 1 and D 2 -AC 1 in Fig. 5 ).
We observed that the relative contributions of the two decay components of the Cerulean protein in solution were independent of emission wavelength, in agreement with experimental studies [27] and recent quantum mechanical calculations of CFP [33] . Therefore, the only unknown in calculating R 0 for the two donor-acceptor pairs is the donor quantum yield. It is reasonable to assume that the radiative rates of the donors D 1 and D 2 will be similar, and that the quantum yield of each donor conformation will be proportional to the measured decay time for that conformation. Therefore the R 0 for each donoracceptor pair can be calculated as follows [34] :
where R 0i is the value of R 0 for the ith donor decay (i.e. R 01 is for D 1 -AC 1 and R 02 is for D 2 -AC 1 ) and R 0¯i s the average measured from steady-state spectroscopy.
The donor-acceptor distances for each FRET pair have been calculated using these individual values of R 0 , and the results are shown in Table 2 . The R 0 figure of 50 Å for CFP-YFP [6, 15] is used for the calculation of CFP-YFP and the value of 54 Å for Cerulean-Venus [15] .
The clearest outcome from Table 2 is that the average method overestimates the distance because it includes fluorescence from unquenched donor proteins. There is a marked increase in the efficiency of energy transfer in going from the average measurement to the 3-component model for both types of cells. The efficiencies for the 4-component model are less than for the 3-component model, but they are still considerably greater than those for the average method. The differences are most marked for the mammalian cells. The differences between the different methods are smaller for the fungal cells because there is less unquenched donor in the Cerulean-Venus system.
Estimates of the absolute distance between the chromophores in the CFP-YFP fusion protein have been made by a simple approach using published crystallographic data. Crystal structure data for ECFP and EYFP were used to estimate the distances from the centre of the chromophore to each of the termini, giving values of 25.1 Å for CFP and 23.2 Å for YFP. Together with the two amino acid linker, this gives a reasonable The donor lifetimes (τ D ), donor-acceptor lifetimes (τ DA ), FRET efficiencies (E), Förster distances (R 0 ) and donor-acceptor distances (r) are given. See text and Fig. 5 for details of the different FRET models. The lifetimes are from global analysis. The errors in the efficiencies and distances were propagated from the standard deviations in lifetimes extracted from single decay analyses of the data (not shown).
estimate of 50 Å for the donor-acceptor distance. In comparison, the average lifetime method calculated the distance to be 62 Å, whilst the 3τ model gave a distance of 42 Å. The 4τ model, which is the most physically plausible, gave the best match, with distances of 53 Å and 44 Å. Differences in distances for the two FRET pairs in the 4τ model are likely due to uncertainties in the lifetimes (particularly the middle lifetime, which is probably the average of two closely-spaced lifetimes).
Conclusion
FLIM is a powerful qualitative tool for reliably detecting the occurrence of FRET, as has been demonstrated by many research groups worldwide. However, FLIM methods that measure average lifetimes will only be fully quantitative in the absence of heterogeneity in the fluorescence decays. In particular, fluorescence from unquenched donor molecules severely compromises the ability of average lifetime measurements to make quantitative assessment of donor-acceptor distances and binding stoichiometries. In contrast, we have demonstrated that widefield photon-counting FLIM can allow the accurate measurement of fluorescence decays with at least three components. This has allowed us to quantify the fraction of donors undergoing FRET, and make a more accurate measurement of the donor-acceptor distance.
We have made quantitative FRET measurements of control FRET systems using FLIM with very low excitation power, albeit with relatively long acquisition times. Many FRET experiments require much faster imaging. While photoncounting methods are viewed as being comparatively slow, the development of new photon-counting detectors, associated electronics and analysis software is underway by a number of research groups, so it is anticipated that this technique will be extended to real-time cellular imaging of molecular interactions that are occurring in vivo.
This study also emphasizes the need for GFP variants with monoexponential decays, and simple absorption behaviour. However, even when donors with simple decay kinetics are used, complexity may arise due to the presence of donors that do not participate in FRET or, indeed, because of a greater range of donor-acceptor distances. In these situations, the ability to accurately resolve and assign the individual decay components will be essential. Therefore, we believe that high-precision FLIM offers new possibilities for the quantitative use of fluorescent proteins in cell biology.
